The K 1 s, K 1 d, K 1 t, and K 1 a Formations are potential source rock intervals for hydrocarbon formation, all of which are part of the Lower Cretaceous system in the Baibei Depression in the Erlian Basin in China. However, no well has found oil flow because the hydrocarbon-generating potential of the source rocks has not been comprehensively evaluated. Based on organic geochemical and petrological analyses, all the source rocks possess highly variable total organic carbon and S 1 + S 2 contents. Total organic carbon and S 1 + S 2 contents indicate that the K 1 a 2 Formation through the K 1 d 1 Formation are source rocks that have fair to good generative potential and the K 1 d 2 Formation through the K 1 s Formation are source rocks that have good to very good generative potential. The organic matter in the K 1 a 2 Formation is dominated by Type I and II kerogen; thus, it is considered to be oil prone based on H/C versus O/C plots. Most of the analyzed samples were deposited in reducing environments and sourced from marine algae; thus, they are oil prone. However, only two source rock intervals were thermally mature with vitrinite reflectance values in the required range. Hydrocarbon-generating histories show that the K 1 t and K 1 a 2 intervals began to generate hydrocarbons during the depositional period of the K 1 d 2 and K 1 d 3 Formations, respectively, and stopped generating hydrocarbons at the end of the depositional period of the late Cretaceous. Therefore, the main stage of hydrocarbon migration and accumulation was between the depositional period of the K 1 d 2 and K 1 s Formations, and the critical moment was the depositional period of the late K 1 s Formation. The generation conversion efficiency reached approximately 55% in the K 1 a 2 Formation and 18% in the K 1 t Formation at 1 School of Geosciences, China University of Petroleum, Qingdao, China 2 Beijing Ultra Do Resources Technology Inc., Beijing, China 
Introduction
The Baibei Depression, which is located in the western margin of the Erlian Basin, is a secondary structural unit in the eastern part of the Chuanjing Sub-basin (Du, 2003; Zhao et al., 2010 ; Figure 1 ). The depression is part of the Early Cretaceous rift group, which was formed and developed on the Hercynian Fold Basement (Wei and Xu, 1994; Zhai et al., 2010) . Previous work in the region has shown that four potential source rocks were developed: the Sahantala Formation (K 1 s), the Duhongmu Formation (K 1 d 3 , K 1 d 2 , and K 1 d 1 ), the Tengge'er Formation (K 1 t), and the A'ershan Formation (K 1 a 2 and K 1 a 1 ) (Ding et al., 2015 (Ding et al., , 2016 Gao et al., 2015; Wei and Xu, 1994; Zhai et al., 2010) . However, previous studies on the source rock in the Baibei Depression have been limited to a single well (well Sc1), and only the A'ershan Formation has been found to be thermally mature, with vitrinite reflectance values in the range of 0.6-0.75%R O (Gao et al., 2015) . Despite continued interest and substantial exploration activities, only two out of six wildcat wells drilled in the Baibei Depression have shown fluorescence levels of oil and gas, and no well has experienced breakthrough oil flow (Gao et al., 2015) . The fact that the distribution and petroleumgenerating potential of active source rocks have not been evaluated has seriously affected the exploration of hydrocarbons in the Baibei Depression. To improve this situation, we Figure 1 . Tectonic location of the Baibei Depression (modified from Gao et al. (2015) ).
conducted organic petrological and geochemical analyses to study the source rock potential for hydrocarbon generation in the Baibei Depression. The essential properties for source rock evaluation described here are the quantity, quality, and thermal maturity of the organic matter, as identified by Tissot and Welte (1984) . This study evaluates the source rock potential from wells Sc1, Ym2, Ym4, and Ym5. A total of 51 new core samples were studied, which belonged to the Duhongmu, Tengge'er, and A'ershan Formations (Table 1) .
Geological setting
The Baibei Depression is a long and narrow EW-trending depression that covers an area of 1080 km 2 (Gao et al., 2015 ; Figure 1 ). In the west, it is adjacent to the Baiyinchagan Depression; in the south, it is adjacent to the Sanggendalai Depression and the Baiyanhua Arch; and it is bounded in the north by the Xibai Fault and is adjacent to the Bayinbaolige Uplift (Gao et al., 2015 ; Figure 1 ).
The Baibei Depression is a Mesozoic sedimentary rift zone controlled by two first-order sequence boundaries, which has developed Archean-Paleozoic, Mesozoic, and Cenozoic strata (Bai et al., 2016) . The generalized stratigraphy for the Baibei Depression includes deposits from the following (in descending order): the Neogene; the Paleogene; the Upper Cretaceous Erliandabusu Formation; the Lower Cretaceous Saihantala (K 1 s), Duhongmu (K 1 d), Tengge'er (K 1 t), and A'ershan (K 1 a) Formations; and the Paleozoic Formation (Zhao et al., 2010 ; Figure 2 ). The Lower Cretaceous system includes the major sedimentary cap and the main oil-bearing series in the area (Wang et al., 2012) . The potential source rocks are mainly distributed in the K 1 s, K 1 d, K 1 t, and K 1 a 2 Formations.
Methodology
Dispersed organic matter in sediments is the material source of hydrocarbon generation, and organic matter richness is an important factor in determining the hydrocarbon-generating potential (Hunt, 1995; Mustapha and Abdullah, 2013) . Total organic carbon (TOC), chloroform asphalt ''A'' total hydrocarbon content (HC), and hydrocarbon-generating potential (S 1 + S 2 ) are the main geochemical indicators for the evaluation of organic matter richness (Tissot and Welte, 1984) . They were quantified on all samples consisting of mudstones and limy mudstones in the K 1 s, K 1 a, K 1 t, and K 1 d Formations. Different types of kerogen will produce different hydrocarbons. Generally, Type I and II kerogen commonly derived from lacustrine and marine lower plankton are the best kerogen and are capable of generating liquid hydrocarbons (Hakimi et al., 2012) . On the other hand, Type III kerogen composed of terrestrial higher plants has potential to generate gas (Behar et al., 2003; Ruble et al., 2001) . In this study, the type of organic matter in the analyzed source rocks is classified from the Rock-Eval pyrolysis data and petrographic analysis according to the standard of SY/T 5735-1995. Hydrocarbons are sourced from rocks only when the thermal maturity of the organic matter reaches the generation or expulsion threshold. Therefore, the thermal maturity of source rocks is an essential parameter to evaluate their hydrocarbon-generating potential. Sweeney and Burnham (1990) suggested that a source rock becomes mature when it enters the range of 0.55-1.25%R O , while Tissot and Welte (1984) used the Tmax metric to evaluate the thermal maturity of organic matter, and indicated that the top of the hydrocarbon window is when Tmax values ranged from 430 to 470 C. The thermal maturation parameter used in this study was vitrinite reflectance, and the mature threshold of organic matter was identified as 0.5%R O in the Baibei Depression.
To evaluate the source rock potential in the Baibei Depression, the geochemical analysis was carried out to determine the TOC content and to provide kerogen analysis, Rock-Eval pyrolysis (Tissot and Welte, 1984) . A total of 121 core samples were screened by TOC analysis and Rock-Eval pyrolysis, including 70 test samples provided by the Yanchang Oilfield Company and 51 new testing samples from 2014. TOC and Rock-Eval pyrolysis were performed on 100 mg crushed rock samples, which were heated to 600 C in a helium atmosphere, using a Rock-Eval II instrument equipped with a TOC module. Selected mudstone samples were extracted using the traditional Soxhlet extraction method to determine the percentage content of bitumen and oil.
For the microscopic petrography analysis, selected mudstone/limy mudstone samples were crushed and embedded in liquid epoxy resin. Samples were then progressively ground with an abrasive powder and polished to obtain a smooth surface. Microscopic analysis was carried out using a Leica CTR6000 M Photometry Microscope under reflected white light and ultraviolet light. Vitrinite reflectance (R O ) analysis was carried out using the Diskus FOSSIL software with the maceral module under a 50X oil immersion objective.
The Schlumberger's PetroMod one-dimensional modeling software was used to reconstruct the thermal histories of the studied wells. The maturity of the source rocks and the timing of hydrocarbon generation in the basin were also modeled according to the workflow from Abdalla et al. (1999) . R O is the most widely used indicator for assessing source rock maturity (Allen and Allen, 1990) . Hydrocarbon generation modeling is based on the TOC and hydrogen index (HI) of the source rocks and maturity modeling is based on the EASY% R O model created by Sweeney and Burnham (1990) .
Evaluation of source rocks
Organic matter richness, type, and thermal maturity are the three main geochemical indicators for the evaluation of source rocks (Tissot and Welte, 1984) . The initial evaluation of the source rock from well Sc1 in 2006 was augmented by 51 new samples from five wells to ensure the reliability of the source rock evaluation. 
Organic matter richness and source rock quality
The results of the evaluation of these criteria for organic matter richness are shown in Table 2 . Previous work has shown that the K 1 a, K 1 t, K 1 d, and K 1 s Formations (Gao et al., 2015) , but the new samples reveal differences between these formations. The ranges of TOC values and S 1 + S 2 values of each formation are shown in Table 3 . All of these values indicate source rocks with good to very good generative potential. The K 1 s Formation possesses high TOC values (1-3%) and S 1 + S 2 values (2-15 mg/g), and the TOC and S 1 + S 2 contents in the samples from the K 1 a Formation through the K 1 s Formation show richness in organic matter and a hydrocarbon-generating potential that gradually increases in the sequence. Based on the evaluation criteria of organic matter richness for mudstone source rock (Table 2) , the K 1 a 2 Formation through the K 1 d 1 Formation are source rocks with fair to good generative potential, and the K 1 d 2 Formation through the K 1 s Formation are source rocks with good to very good generative potential (Table 3 ). Figure 3 shows that the source rocks in different formations in the Baibei Depression are heterogeneous in terms of their HI, S 1 + S 2 , TOC, and HC contents. The quality of the Cretaceous source rocks increases gradually from bottom to top, but some samples are anomalously poor in organic matter richness, which we assume to be caused by prolonged oxidation near unconformities (Figure 3) . 
Kerogen type
The old data showed that the H/C and O/C values of organic matter in well Sc1 were generally high, and the evaluations suggested that the organic matter in the K 1 a 2 Formation was mainly Type I kerogen; the organic matter in the K 1 t, K 1 d, and K 1 s Formations was mainly Type II kerogen; and a small amount of Type III kerogen appeared in the K 1 t Formation (Figure 4) . However, the new data indicated that the H/C and O/C values in these source rock intervals were generally lower than in the old data. Based on the evolutionary trend of kerogen shown in the Van Krevelen diagram (Tissot and Welte, 1984) , the new samples seem to be more mature than the old ones (Figure 4 ). The evaluation results showed that the organic matter in the K 1 a 2 Formation is Type I and II kerogen, the organic matter in the K 1 t Formation is mainly Type III, and the organic matter in the K 1 d Formation is mainly Type II. Almost all the organic matter in the samples from well Sc1 were dominated by phytane; they possessed low Pr/Ph values (mostly below 0.8) and contained relatively high concentrations of gammacerane, as indicated by them having g/C 30 H values over 0.2 (Figure 5(a) ). From this, we can conclude that most of the analyzed samples were deposited in a saline environment. The samples from the K 1 d 1 and K 1 s Formations were slightly lower in gammacerane content, suggesting a slightly brackish depositional environment. A crossplot diagram of Pr/nC 17 versus Ph/nC 18 shows the sedimentary environment and material source for all the analyzed samples ( Figure 5(b) ). Most of the samples were deposited in a reducing environment and were sourced from marine algae, making them oil prone, while a few samples were sourced from woody materials and are considered to be gas-prone source rocks.
Thermal maturity
Results of vitrinite reflectance from the mudstone and coal samples are shown in Figure 6 quite a narrow range for vitrinite reflectance (0.5-0.9%R O ). Therefore, most of the analyzed samples are interpreted to be partially mature or mature for hydrocarbon generation, but they fail to reach the oil generation peak.
The new relationship between the measured vitrinite reflectance and depth for well Sc1 indicates that source rocks from the Saihantala Formation to the K 1 d 3 Formation are immature, those from the K 1 d 2 Formation to the upper Tengge'er Formation are partially mature and only generated a small amount of oil, and those from the lower Tengge'er Formation are mature and began to generate a large amount of oil. The source rocks of the K 1 a 2 Formation are in the large-scale hydrocarbon generation stage, but it fails to reach the oil generation peak. The thermal maturities of the two evaluations are similar, but the newly measured data change the evolutionary trend of the thermal maturity because most of the new samples were calcareous mudstone, whereas the old samples were mudstone. These results are summarized in a crossplot diagram of the hydrocarbon-generating potential versus the Tmax values, which shows that the source rocks in the study area have entered the mature stage and all of the R O values were less than 1.0 (Figure 6 ). Figure 7 indicates that the upper Tengge'er Formation is immature to partially mature, while the lower Tengge'er Formation and the second member of the A'ershan Formation are mature and began to generate a large amount of oil. The low maturity of the K 1 a 2 Formation was previously shown by the old data, while the new data show an increase in the thermal maturity of the source rocks, resulting in higher hydrocarbongenerating potential than the previous evaluation. Consequently, we can consider the beginning of the oil window to be 1650 m deep in the Sc1 well based on all the sample values. 
Distribution of active source rock
Active source rock is the rock that not only generates hydrocarbon but also expulses hydrocarbon, which controls the distribution of hydrocarbon in a basin (Jin, 2001 ).
Identification of active source rock
In terms of the relationship between TOC and S 1 + S 2 or HI, the limit of organic content for active source rocks from the Lower Cretaceous system in the Baibei Depression is determined to be 1.0% TOC. Based on this limitation, it is likely that most of the samples from the lower Saihantala, K 1 d 3 , K 1 d 2 , the middle part of K 1 t, and the upper-middle part of K 1 a 2 Formations could all become potential source rocks, as they contain more than 1.0%TOC (Figure 8) . Combined with the vitrinite reflectance values, most of the analyzed samples from the K 1 s and K 1 d Formations are interpreted to be too immature for hydrocarbon generation. Some samples from the middle of the Tengge'er Formation show early maturity for hydrocarbon generation, with 0.7%R O , and samples from the K 1 a 2 Formation show full maturity for hydrocarbon generation, with 0.9%R O . The active source rock in our study area is confirmed to be the middle part of the K 1 t and K 1 a 2 Formations.
Distribution of active source rock
Based on the model of a petroleum system, the distribution of active source rock plays a vital role in the development of oil and gas exploration strategies. The relationship between vitrinite reflectance and burial depth of source rocks in the Erlian Basin was found to be complicated in previous research (Chen, 2011; Gao et al., 2015; Wang et al., 2012; Zhai et al., 2010; Zhao et al., 2015) . These difficulties arose because of uplifting and erosion of strata at the end of the lower Cretaceous sedimentation period at almost all locations in the Erlian Basin (Zhao et al., 2015) . The Ro-H trend line of well Sc1 data shows that the vitrinite reflectance of the surface was not zero and was higher than 0.2%R O (Figure 6 ), which indicates that the thickness of rock eroded at the end of the Cretaceous sedimentation period was larger than that of the subsequent deposits. Based on the R O trend ''back to zero'' method reported by Burnham and Sweeney (1989) , we estimate the eroded thickness in the Baibei Depression to be 600-700 m. The expression of R O -H at the maximum burial depth is Ro ¼ 0:2667 Â Expð0:00046 Â HmÞ ð 1Þ where Hm is the maximum buried depth, Hp is the present burial depth, Hh is the thickness above the K 1 s Formation, and He is the eroded thickness. According to the values of eroded thickness, the maturation of the source rock can be calculated using equations (1) and (2). Figures 9 and 10 show the N-S-oriented profile of R O values, which indicates that the K 1 a 2 Formation in the center of Baibei Depression has entered the oil generation peak stage. As can be observed in Figure 10 , the largest vitrinite reflectance is above 2.0%R O to the south of well Ym2, and the maximum buried source rocks of the K 1 a Formation have entered the dry gas generation stage. Meanwhile, the source rock in the Tengge'er Formation has entered the oil generation peak stage only in the northern part of the profile, and its highest R O value is 1.1%R O , while the southern source rock only qualifies for the low maturation stage (Figure 9 ). In general, the active source rocks in the Baibei Depression fall along a narrow belt that experienced the necessary oil generation conditions.
Hydrocarbon generation
In the Baibei Depression, hydrocarbon generation evolution and intensity have been studied based on basin modeling and thermal simulation. The hydrocarbon generation evolution history of well Sc1 is shown in Figure 11 , which demonstrates that the maximum burial depth was at the end stage of the Cretaceous sedimentation. The depression was uplifted and eroded during the late Cretaceous, and then entered another subsidence stage before the early Paleogene. The subsequent deposition was less than the eroded thickness of the strata, so the paleogeotemperature was higher than the present geotemperature.
The source rock of the K 1 a 2 Formation crossed the threshold for hydrocarbon generation during the deposition of the K 1 d 2 strata, reached the mature stage during the deposition of the upper Cretaceous, and reached its highest R O value during the deposition of the Lower Cretaceous. However, hydrocarbon generation stagnated just when it entered the peak stage of hydrocarbon generation because of tectonic uplift and erosion in the Baibei Depression. As the major oil source rock of the study area, the organic matter of the K 1 a 2 Formation began to generate hydrocarbons during the deposition of the K 1 d 2 strata and its hydrocarbon generation efficiency reached 55% at the end of the Cretaceous deposition stage. While the Tengge'er Formation began to generate hydrocarbons during the deposition of the K 1 d 3 strata, with a generation conversion efficiency that reached approximately 18% at the end of the Cretaceous deposition period; thus, it can be considered as a minor oil source rock in the Baibei Depression (Figure 11 ).
Our analysis has revealed that the K 1 a 2 and K 1 t Formations in the Baibei Depression are the two main active source rocks, but their hydrocarbon generation intensities are different. They reached their peak hydrocarbon generation during the deposition of K 1 s, after which their hydrocarbon generation stagnated due to erosion. As a result, the hydrocarbon generation intensity at the end of the Saihantala Formation deposition period was the most significant. According to the results of the basin modeling, the hydrocarbon generation intensity map of the two main source rocks is as illustrated in Figures 12 and 13 .
Generally, if oil generation intensity is higher than 200 Â 10 4 t/km 2 , the oil can be effectively expelled and accumulate into reservoirs to form oil fields. The R O value of the source rocks is closely related to their thickness and is therefore considered to indicate the hydrocarbon-generating sag. Figure 12 shows that there are two oil-generating sags for the K 2 a 2 Formation during the deposition at the end of the K 1 s Formation, which have oil generation intensities higher than the 200 Â 10 4 t/km 2 threshold in the Sc1 and Ym4 Sags. However, the oil generation intensity for the K 1 t Formation suggests that the Sc1 Sag reached the criteria to generate oil at the end of the deposition of the K 1 s Formation, while the Ym4 Sag in the eastern depression had a poorer ability to generate oil ( Figure 13 ). 
Discussion
In accordance with the analysis of the hydrocarbon-generating ability of source rocks, the main hydrocarbon generation and distribution models for the different structural units of the Baibei Depression are distinct. The Ym4 Sag had one active source rock interval (K 2 a 2 Formation) and only reached a low maturation stage (Figures 12 and 13) . Therefore, the main active kitchen exists in the northeastern part of the Baibei Depression, and hydrocarbons migrate a short distance because of the relatively low hydrocarbon generation ability. Therefore, the valid trap is the lithologic reservoirs around or in the active source rock interval. Meanwhile, the Sc1 Sag has two active source rock intervals (K 2 a 2 and K 1 s Formations) and reached a high maturation stage. Therefore, the migration and accumulation of hydrocarbons in the southwestern part of the Baibei Depression is active and plentiful. However, the Baibei Depression was entirely uplifted in the late Mesozoic, which may have resulted in the loss of hydrocarbons in some traps with weak preservation such as faulted traps. However, the lithologic traps in the hydrocarbon-generating sags are good for oil and gas filling and preservation because of their earlier formation time and superior preservation condition with surrounding mudstone. Therefore, those lithologic traps surrounding or in active hydrocarbon generation sags are advantageous to target for oil reservoir exploration, as they were less influenced by later tectonic movement in the Baibei Depression.
Conclusions
Four source rock intervals developed in the Lower Cretaceous system possess generally fair to occasionally good hydrocarbon-generating potential in the Baibei Depression. The source rock samples possess variable TOC and S 1 + S 2 contents and indicate that the K 1 a 2 Formation through the K 1 d 1 Formation are source rocks that have fair to good generative potential, while the K 1 d 2 Formation through the K 1 s Formation are source rocks that have good to very good generative potential. Most of the analyzed samples were deposited in reducing environments and were sourced from marine algae and are therefore oil prone.
Most of the samples in the lower K 1 t and K 1 a 2 Formations are thermally mature but did not reach the oil-generating peak. The source rock began to generate hydrocarbons mainly during the deposition of the K 1 d 2 and K 1 s Formations but stopped generating hydrocarbons at the end of the late Cretaceous deposition. There are two generation sags developed in the Baibei Depression, and the source rock in the Sc1 Sag is more mature. Therefore, the migration and accumulation of hydrocarbon in the southwestern part of the Baibei Depression should be active and plentiful.
